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(57) Abstract 

A non-Maxwellian, free viewing system capable of psychophysical measurement of visual sensitivity for the determination of ocular 
components is disclosed. The apparatus features electronically controlled light emitting elements (SI, S2) whose outputs are variable with 
respect to intensity and temporal pattern, and can be combined by a small number of optical components (LI, L2). The light emitting 
elements can have outputs of different wavelengths, can be positioned at different retinal locations, and can be viewed through masks or 
apertures having different geometries. These features permit miniaturization of the device, and eliminate a major or experimental difficulty 
of light path alignment associated with larger systems, thus simplifying the measurement of macular pigment density compared to procedures 
used with a full sized optical bench. 
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TITLE OF THE INVENTION 
METHOD AND APPARATUS FOR MEASURING VISUAL SENSITIVITY AND 
OPTICAL PROPERTIES OF COMPONENTS OF THE EYE 

RELATED APPLICATIONS 
This application claims priority from U.S. Provisional 
Application No. 60/067,852, filed December 5, 1997, the whole 
of which is hereby incorporated by reference herein. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

Part of the work leading to this invention was carried 
out with support provided by National Eye Institute Grant No. 
EY04 911. Therefore, the U.S. Government has certain rights 
in the invention. 

BACKGROUND OF THE INVENTION 
Visual sensitivity is measured by determining how much 
light or how much change is needed for a subject to detect 
a stimulus. The necessary amount of light or. change is 
affected by many factors, including the size, color, and 
temporal mode of presentation of the stimulus. In addition, 
sensitivity is a function of the location of the stimulus on 
the retina, and state of adaptation of the subject. Visual 
sensitivity declines with age and as a result of disease 
processes. Therefore, in order to determine the 

effectiveness of various efforts to reduce this decline, 
methods of measuring different types of visual sensitivity, 
including both light and dark-adapted sensitivity, as well 
as the rates of change of adaptation states, have been 
developed. Visual sensitivity measurements are also useful 
in determining the state of health of the retina and the 
neural pathways of the visual system. A further important 
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use of the measurements of visual sensitivity is to determine 
the optical density of components of the eye. 

One ocular component of importance is the yellow macular 
pigment, which is an accumulation of the carotenoids lutein 
and zeaxanthin in the foveal' region of the retina. The 
spectral properties of this yellow pigment afford protection 
to the eye from short wavelength blue light. In addition, 
these two carotenoids are associated with retention of better 
visual sensitivity by older subjects. Therefore, assessing 
the in vivo concentration of macular pigment can be a 
valuable means of determining visual health. Lower macular 
pigment levels may also be associated with a higher risk of 
contracting age-related macular degeneration. Determination 
of in vivo macular pigment levels is possible, however, only 
if the amount of yellow pigment can be measured in situ. 

The ability to measure the macular pigment concentration 
in situ results from the spectral characteristics of the 
yellow pigment itself: blue light, at a wavelength of 460 nm, 
is strongly absorbed by the yellow pigment whereas green 
light, at a wavelength of 560 nm, is not absorbed. The 
subject's own retina is used to perform both a baseline 
measurement and a foveal sensitivity measurement to obtain 
quantitative data about the amount of macular pigment in the 
fovea of the eye. Physical, in vivo, determinations of 
yellow macular pigment have been made using elaborate optical 
systems with many components [59] . Alternatively, the 
desired measurements can be obtained by psychophysical 
determinations . 

Psychophysics is a hybrid field of science encompassing 
study of the perceptual (psychological) responses of subjects 
to sensory stimuli that are carefully controlled and measured 
by the methods of physics. For the visual system, light is 
the. sensory stimulus. When light is absorbed by the 
photoreceptors of the retina, a neural response is generated 
that results .in detection of the. stimulus by the subject. 
The ocular tissues can be considered a set of optical filters 
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through which the light must pass. By careful choice of the 
wavelength and the mode of presentation of the stimulus, the 
subject's responses can reveal the optical properties of the 
ocular filters. In essence, the visual system of the 
subjects is used as an intricate photosensory apparatus to 
measure the optical density spectrum of components of human 
ocular tissues. 

The advantage of psychophysical methodology is that it 
is noninvasive, yet extremely sensitive. An individual can 
be followed over time, and the same tissue can be repeatedly 
measured. Psychophysical methods are therefore well suited 
to studying the effects of nutritional and environmental 
influences on the aging process. Nevertheless, 
psychophysical methodology has distinct limitations. The 
measurements usually require relatively prolonged testing by 
a skilled examiner. They can not be used with very young 
children, infirm or gravely handicapped individuals, or 
persons with dense cataracts that severely obscure vision. 
Furthermore, the subject must clearly understand the task and 
must be able to give reliable reports of sensory experience. 
This reliance on the participation and performance of the 
subject always introduces a risk of misunderstanding, with 
the need for careful cross-checking by the experimenter. 

In the past, psychophysical methods have been used 
primarily in laboratories that have specialized and complex 
optical systems. Psychophysical determinations are most 
commonly made with a multi -channel Maxwellian-view optical 
bench set-up that requires operation by scientists with 
extensive experience with complex optical systems (e.g., [1, 
8]). In Maxwellian view, the stimulus is imaged on the 
retina by an external lens that has a focal point centered 
in the subject's pupil. The beam of light that enters the 
eye is very small so that it only traverses the center of the 
subject's lens and does not intersect the subject's pupil. 
Aligning the subject's eye with the external Maxwellian lens, 
however, requires that the position of the head be precisely 
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controlled. It is customary to make a "bite bar" with an 
impression of the subject's teeth so that when the subject 
rests the upper jaw on the bite bar, the head can be 
positioned to align the eye with the optical system. Once 
this is done, stimuli can be presented with the techniques 
of classical optics and the absorption of light by the 
macular pigment determined. One method of measuring this 
absorption uses flicker photometry. In this technique, two 
test colors are turned on and off at about 12 Hz (12 times 
per second) . As the intensity of one of the test colors 
changes so that the test colors approach the same brightness, 
the perception of flicker diminishes. In using this method 
to measure macular pigment, the subject adjusts a blue light, 
alternating with a green light, until minimum or zero flicker 
is perceived. This setting, compared to a baseline, is a 
measure of visual sensitivity to blue light and, thus, the 
in vivo concentration of the blue -absorbing macular pigment. 

A second major ocular component whose optical properties 
can be determined by visual sensitivity measurements is the 
lens of the eye. For these measurements, the dark-adapted 
visual sensitivity dominated by the rod photoreceptors can 
also be determined psychophysically . If the ocular media 
were perfectly transparent, the visual sensitivity of the 
observer would be determined solely by the visual pigment of 
the rod photoreceptors, rhodopsin [34] . Therefore, the 
deviation of the observer's sensitivity from the rhodopsin 
absorption spectrum provides a measure of the density of the 
ocular media, and most of this density is known to be due to 
the lens [35, 36] . Because the density spectrum of the lens 
is well known [3 6] , the whole spectral curve can be estimated 
by measuring visual sensitivity at two or more wavelengths, 
which can be the same ones used to determine macular pigment. 

Many disease states, as well as losses of function due 
to aging, appear to be preferentially evidenced by changes 
in the sensitivity of the pathway receiving inputs from the 
cone photoreceptors that absorb short -wavelength light, 
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called the S-cone pathway. By alternating between two 
wavelengths that excite the S- cones but not the other cone 
types, it is possible to preferentially excite the S-cone 
pathway and measure its sensitivity. Attempts to improve S- 
cone pathway sensitivity by nutritional or other means can 
then be monitored to determine their effects and optimize the 
outcome of the interventions. 

Thus, psychophysical determinations of ocular components 
can be useful for the assessment of a wide array of health- 
related conditions. The availability of an apparatus that 
was simpler to use for these determinations than the 
currently available complex systems would be desirable. 

BRIEF SUMMARY OF THE INVENTION 
A non-Maxwellian, free-viewing system capable of 
psychophysical measurement of visual sensitivity for the 
above purposes has been developed. The apparatus of the 
invention features electronically controlled light-emitting 
elements whose outputs are variable with respect to intensity 
and temporal pattern, and can be combined by a small number 
of optical components. The light emitting elements can have 
outputs of different wavelengths, can be positioned at 
different retinal locations and can be viewed through masks 
or apertures having different geometries. 

These innovations permit miniaturization of the device 
and eliminate a major experimental difficulty of light path 
alignment associated with larger systems, thus simplifying 
the measurement of macular pigment density compared to 
procedures used with a full-sized optical bench. Also, the 
cost of the apparatus of the invention will be much less, in 
price and in construction time, than that of a conventional 
optical bench or' an ophthalmic imaging system. 

The small apparatus of the invention is simple to 
operate and to maintain and thus decreases the expense of 
making psychophysical measurements of visual sensitivity and 
the optical density of components of the eye. Therefore, use 
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of this apparatus provides a readily accessible means for 
measuring visual parameters in relationship to dietary 
intake, effects of environmental exposure, and changes with 
age, as well as other personal characteristics of the 
sub j ect . 

Use of the information obtained from practicing the 
method of the invention can enable, e.g., nutritional 
counseling, lifestyle changes, or medical interventions for 
individual subjects whose density of macular pigment is too 
low for adequate protection. For individuals whose lens 
density is high compared to other people in their age group, 
the outcome of similar interventions to prevent development 
of cataract can be monitored. The simplicity and expected 
low cost of the device will make it feasible for it to be 
located in convenient geographical proximity to subjects who 
need to be examined frequently. 

Because the apparatus is so small and light, it can 
easily be moved to different parts of the visual field. With 
the addition of appropriate positioning holders, it can 
therefore be used to test sensitivity of different regions 
of the retina. Measurements that can be performed with this 
device include sensitivity to: 1) different flicker rates, 
2) different wavelengths, 3) flashes of different durations 
and repetition frequencies, and 4) temporal exchanges between 
stimuli of different wavelengths, including isoluminant 
flicker and stimuli designed to stimulate only one type of 
cone photoreceptor at a time. These tests are relevant to 
detection of many disease states, including age-related 
macular degeneration, glaucoma, and diabetic retinopathy, 
among others, as well as to the determination of loss of 
function due to aging. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Other features and advantages of the invention will be 
apparent from the following description of the preferred 
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embodiments thereof and from the claims, taken in conjunction 
with the accompanying drawings, in which: 

Fig. 1 is a plan view of one embodiment of the apparatus 
of the invention; 

Fig. 2 shows a typical test field as seen by the subject 
using the embodiment of Fig. 1; 

Fig. 3A and 3B are schematics of the optical system of 
the invention and stimulus configuration that were used for 
measuring MP optical density in Newtonian (or natural) view, 
as described in the Example; 

Fig. 4 shows relative spectral energy curve for the LEDs 
that were used to create the background (squares) , measuring 
(diamonds) , and comparsion (triangles) fields for the 
measurement of MP in Newtonian view, as described in the 
Example ; 

Fig. 5 is a graph comparing the log frequency values 
with the measured log ratio energy output produced by these 
changes in frequency; and 

Fig. 6 shows the relationship between MP optical density 
measured in Newtonian and Maxwellian view, as described in 
the Example. 

DETAILED DESCRIPTION OF THE INVENTION.. 
A traditional psychophysical method of presenting a 
target to the eye uses a Maxwellian view optical system. The 
Maxwellian view is produced when a lens forms a real image 
of a small source at the pupil of the eye. In the practice 
of the traditional method, the subject's head must be 
immobilized so that the image of the source does not fall 
outside the pupil and interrupt the light entering the eye. 
This immobilization requires use of a dental impression, 
which is time-consuming to make and cumbersome for a subject 
to keep- in his or her mouth during the testing procedure. 
To control the wavelength, intensity, temporal pattern, and 
size of the stimulus, many optical and mechanical components 
must be interposed between the source and the final lens. 
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Typical examples of a Maxwellian view optical system can be 
found in various references, e.g., [1, 11, 12] . 

, An alternative prior art method is to project the 
stimulus onto a hemisphere so that the stimulus can be moved 
to different parts of the visual field. The subject's eye 
then images the stimulus on the retina. This method, often 
called perimetry [78] , requires a relatively large and costly 
apparatus to control the stimulus parameters of wavelength, 
intensity, temporal pattern, and size, as well as projection 
lenses to project the stimulus onto the viewing screen. 

A typical example of the apparatus according to the 
invention will now be described. Referring to Fig. 1, the 
light sources (S1-S3) in the apparatus are light -emitting 
diodes (LEDs) . Their light output is controlled 

electronically by pulse circuits that either are frequency 
modulated or pulse -width modulated. Their precise emission 
wavelengths can vary slightly from one production batch to 
another, and the usual expected values are given here. 

Sources SI and S2 are each composed of three closely 
juxtaposed LED's for a total of six LED's. The plastic lens 
that is molded on each LED is removed and the surface is 
polished. In principle, any combination of six different 
wavelength bands can be presented to the subject by selecting 
LED's with different emission spectra. For the determination 
of macular pigment concentration and for the determination 
of lens density, peak wavelengths of about 460 nm (blue) and 
560 nm (green) are suitable. The control circuitry can 
energize each LED separately for the measurement of lens 
density or dark adaptation. Light from the three LED's at 
SI is collimated by lens LI before impinging on a diffuser 
Dl and being limited to the test stimulus size by aperture 
Al . Alternatively, aperture Al can be viewed reflected 
through a diffused. For dark -adaptation and lens, density , . 
a neutral density filter may be inserted between LI and Dl 
to reduce the intensity of the light by optical means, so 
that very dim stimuli can be produced and a wide dynamic 
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range achieved. The light then passes through a beamsplitter 
(BS) that reflects a small amount of the light to a photocell 
for calibration. The subject views the test stimulus through 
the beamsplitter using a centering annulus to position the 
head so that the eye is aligned with the instrument. For 
dark adaptation and lens density, Al is selected to be about 
3 deg of visual angle, and the subject looks at a small 
fixation point created by aperture A3 that is illuminated by 
another LED, S3, which emits light of longer wavelengths. 
The dim fixation point is on steadily and is separately 
controlled by the electronics. The test stimulus is flashed 
for about 200-300 msec every 1.5-2 sec. For lens density 
measurements, it is typically placed 8 deg from the cente2^^' 
of the test stimulus. Each time the stimulus is flashed, an 
auditory cue can be presented to aid the subj ect . The 
sources at S2 are not illuminated for measuring lens density. 

For measurement of macular pigment density, source SI 
is composed of two blue LED's and one green LED. The blue 
LED ' s are energized together and alternately with the green 
LED at frequencies of about 10-18 Hz to create a small 
flickering target. The diameter of this target is determined 
by Al and is usually a disk subtending 1 deg or less of 
visual angle, but may have other configurations such as an 
annulus . 

The view seen by the subject is further illustrated in 
Fig. 2. A background field reflected from the beamsplitter 
is illuminated by source S2 , which is composed of three blue 
LED's with a peak emission of about 460 nm (blue). Light 
from S2 is collimated by lens L2 , diffused by diffuser D2 and 
the background field that is created is limited by aperture 
A2 . The background field is steadily illuminated and is 
designed to produce a retinal illuminance of about 2.2 log 
Td, which is similar to the light levels used in the prior 
Maxwellian view systems [4 5] . To reach these relatively high 
levels, the diff users Dl and D2 are selected to be high 
efficiency. In the current prototype, they are 
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holographically generated light-shaping dif fusers that 
disperse light forward through about a 25 deg angle. 

When making the minimum flicker setting in the fovea, 
the subject looks directly at the test stimulus. To assist 
the subject in maintaining accurate direction of gaze, a 
small black dot may be added to the center of Al or Dl . When 
making the minimum flicker setting in the parafovea, the 
subject looks at the fixation point created by S3 and A3, 
which is usually placed about 6 deg from the center of the 
test stimulus. For subjects with very high macular pigment 
densities, the fixation point may . be placed further 
peripherally to establish a better baseline value. 

In use of the device, the test stimulus is a small 
diffusing screen that is imaged on the retina by the 
subject's own eye. All the optical elements are contained 
in a small box into which the subject looks while having the 
head comfortably positioned and supported by a chin and 
forehead rest. For lens density measurements, the subject 
sees a fixation point and a peripheral stimulus that is 
briefly flashed. For macular pigment measurements, as shown 
in Fig. 2, a subject is presented with a constantly 
illuminated background color at 46 0 nm in the center of which 
is a variable colored light source flickering on and off at 
a frequency lower than the flicker fusion frequency. To make 
a minimum flicker setting, the subject turns a knob connected 
to the electronic control box that controls the output of the 
blue LED at SI in logarithmic fashion. When the appropriate 
setting is found*- the subject can press a button that signals 
the experimenter or a computer to record the value . The 
experimenter or the computer then turns the knob to an 
unpredictable position before the next trial is run. 
Measurement of macular pigment is made by determining the 
energy of the light at the point when the perception of 
flicker is a minimum or absent. The energy of the flickering 
light at the point of minimum flicker is related to the 
amount of light absorbed by the macular pigment lying between 
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the subject's photoreceptors and the light Approximate 
dimensions of a typical device that can house the apparatus 
of the invention are 7" wide by 6" high by 24" long, 
exclusive of power supply, cords, and control cables. 

USE 

Psychophysical Measurement Of Lens Optical Density 

A wide body of evidence has shown increasing visual 
impairment as a function of age [13] . For most people, this 
visual disability is primarily due to increased OD of the 
crystalline lens [14,15]. A dense lens is particularly 
pernicious when optimal vision is required in dim light, such 
as driving a vehicle at dusk [13,16]. In addition to 
affecting visual performance by decreasing the amount of 
light reaching the retina, a dense lens also increases 
forward scattering of light, which reduces contrast by 
producing a veiling illumination over retinal images [17] . 

Age-related cataracts develop slowly over a lifetime and 
epidemiologic studies that focus only on patients with 
well-established cataracts may miss factors important in the 
early development of cataract. Information is needed 
regarding changes in the lens that begin the process of loss 
of transparency but precede frank cataract. Lenticular 
transparency is the result of the short-range order of 
crystallin proteins [18] . Modification in the ordering of 
these proteins causes reduced transparency, resulting in 
higher OD. One type of disruption is aggregation and 
insolubilization of crystallin proteins, which is considered 
a primary event in the development of cataract [19] . Mota 
et al. (1992) [20] have shown that lens OD measured in vivo 
is highly correlated with the accumulation of these protein 
aggregates . 

In addition to morphological changes, age-related 
changes in lens physiology also occur and can be tracked by 
monitoring lens OD. For example, lens membrane potential and 
resistance decreases with age, while Na+ and free Ca2 + 
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content within the lens increases [21] . Such changes are 
thought to signal approaching cataract since they are . most 
extreme in the cataractous lens [22,23], Duncan et al . 
(1989) [21] have shown that these changes in cation 
concentrations are well correlated with in vivo measurements 
of lens OD. The combination of evidence suggests that 
measurements of lens OD early in life may signal important 
changes in the health of the lens. 

Although no longitudinal data are available showing that 
increased lens OD early in life predicts risk for later 
cataract development, cross- sectional data indicate this 
possibility. For example, Sample et al . (1988) [24] have 
shown that the lens OD of individuals with cataract is higher 
than lens OD of age-matched individuals who do not have 
cataract. Moreover, diabetics, who have a higher risk of 
developing age-related cataract than normal individuals [25] , 
also have higher than average lens OD prior to developing 
cataract [26-29] . In fact, cataract classification systems 
(e.g., densitometric analysis of Scheimpflug photography; 
autof luorophotometry) often use high lens OD to establish 
cataractous status. For example, cataract has been 

quantified by measuring back-scattered light [30] ; a method 
that is significantly correlated (p<.001) with psychophysical 
measurements of lens OD [31] . Cataract has also been 
quantified by Scheimpflug photography [32] , which is also 
significantly correlated (p<.001) with psychophysical 
measurements of lens OD [33] . 

To measure the OD of the lens, we take advantage of the 
fact that the dark-adapted (scotopic) sensitivity of aphakic 
observers whose lens has been surgically removed is 
determined by the visual pigment of the rod photoreceptors, 
rhodopsin [34] . Thus, deviations from the rhodopsin spectrum 
in the scotopic sensitivity of individuals with an intact 
lens are due primarily to the OD of the lens. Ex vivo data 
suggest that most of the variation in relative OD with 
wavelength is due to the properties of the lens nucleus [3 5] . 
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Lens OD is greatest at short wavelengths and it increases 
with aging, although for normal subjects the OD at long 
wavelengths remains low at all ages [36] . Lens OD can 
therefore be estimated by selecting as a reference a long 
wavelength light where lens OD is minimal, and comparing the 
sensitivity of the observer at that reference wavelength to 
the sensitivity at shorter wavelengths. Because the OD of 
the lens as a function of wavelength has been well 
established [36-38] , the measurements need only be made at 
a few wavelengths to estimate the full curve . The 
correlation between lens OD measured, in the left and right 
eyes is relatively high, r = 0.75, p<.01 [24], so 
measurements of one eye are an adequate indicator of lens 
status for most people . 

The selection of the reference wavelength is dependent 
upon two factors. The reference wavelength needs to be long 
enough so that the OD of the lens is minimal, yet short 
enough to minimize the possibility that cone photoreceptors 
will contribute to detection of the stimulus. The peak 
sensitivity of rods (ca. 5 00 nm) occurs at shorter 
wavelengths than the peak sensitivity of the major cone types 
(ca. 540-570 nm) . Thus, as the wavelength of the reference 
is increased, lens OD is minimized, but the risk that cones 
will contribute to the measurement increases.. As a 
compromise, we have used 550 nm as our reference wavelength 
[9] . This choice accepts a small amount of lens OD at the 
reference wavelength [36] and hence slightly underestimates 
total lens OD. If a longer wavelength is chosen as 
reference, a control experiment should be conducted to ensure 
that only rods are contributing to detection of the stimulus. 

The period when rods control the sensitivity of the 
subject can be identified by tracking the time course of 
dark- adaptation using the reference wavelength. In brief, 
subjects are exposed to an intense (about 5 log Tds) broad 
band light - for about two minutes, followed by repeated 
threshold measurements obtained as rapidly as possible. This 
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can be done by using experienced subjects who adjust the 
intensity of the test stimulus themselves. Once a smooth 
dark adaptation curve is obtained, a curve with two time 
constants should be obtained with a break indicating the 
transition from cone vision to rod vision at around six 
minutes (See examples in Wyszecki and Stiles [11] , pp 
519-52 0) . This control experiment demonstrates that the rods 
are controlling visual sensitivity under the conditions of 
the experiment, and also ensures that enough stray light has 
been eliminated so that true scotopic thresholds are 
obtained. Note that stimulus size and location on the retina 
also influence the probability of detection by rods vs cones, 
so the effects of any changes in those parameters must also 
be checked by this type of control experiment. 

When selecting wavelengths at which to measure lens OD, 
several points need to be considered. Because the OD of the 
lens is inversely related to wavelength, the experimenter can 
maximize differences among subjects by using short 
wavelengths. This consideration is of particular importance 
when measuring the lenses of subjects with minimal OD, such 
as adolescents. Typically a limiting factor when using 
shorter wavelengths is the energy output of most optical 
systems. Given the relatively low sensitivity of the visual 
system from 40 0-44 0 nm and the high OD of the lens in older 
subjects at these wavelengths, relatively high energy is 
required if a wavelength near 400 nm is selected as the 
measuring wavelength. 

Another consideration is ease of computing lens OD. If 
the reference wavelength and the measuring wavelength are 
selected to be at equal absorption values on the rhodopsin 
curve, then the difference between the two can be taken 
directly as due to lens OD without referring to the rhodopsin 
curve itself. Sample et al . (1988) [24] have used a 
reference wavelength of 560 nm and a measuring wavelength of 
410 nm for this purpose. If optimal accuracy is desired, 
measuring additional wavelengths allows individual spectra 
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to be checked against standard, age-referenced, spectral 
density curves [11,17,37]. 

Because of the changing shape of the density spectrum 
of the lens for older individuals, and the wide variation in 
lens OD throughout life, measurements designed to correct for 
prephotoreceptor filtering should be done at the wavelengths 
of most interest. For example, if an investigator wishes to 
determine how much light reaches the retina at specific 
wavelengths, such as the absorption peaks of specific cone 
types [39] , the data are most precise if OD at the wavelength 
of interest is measured rather than computing interpolated 
values from other wavelengths using-a standard spectral curve 
of lens OD [11] . 

The task is explained using suprathreshold stimuli 
before the subject is given 3 0-40 minutes of dark adaptation. 
About 95% of fully dark-adapted sensitivity is reached by 
this time. During testing, subjects are instructed to stare 
directly at a small (-2 0 min) , illuminated fixation point 
that can be located 6-8 degrees eccentric to the test 
stimulus. It is important to remind subjects frequently to 
maintain fixation and not to look directly at the test 
stimulus so .that the test stimulus falls outside the retinal 
region with the highest number of cones and is detected by 
rods. The size of the test stimulus is typically 2-3 degrees 
(i.e., large enough to be detected easily with peripheral 
vision) . A check that subjects are detecting the stimulus 
with their rods may be incorporated by asking subjects to 
report the color of the test flash. Near threshold, subjects 
should report that the test flash appears colorless. 

A quantitative measure of the absolute threshold of each 
subject to the flashed test stimulus can be obtained using 
a variety of techniques. In a typical protocol, subjects are 
warned of a coming test flash by the experimenter. The test 
stimulus is then flashed for 500 msec or less, and the 
subject indicates whether it was seen or not. The intensity 
of the flash is varied progressively in 0.05 log increments 
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or decrements over a 1.5 log unit range (method of limits) 
or the intensity is randomly varied within a fixed range 
(method of constant stimuli) . The percentage of time the 
subjects report seeing the test flash can be plotted against 
intensity to produce a psychometric function. Absolute 
thresholds are then defined as the intensity at which the 
flash is seen 50% of the time. Although reasonably accurate, 
this process is fairly slow. 

We have found that a more expeditious method is to 
present the subject with the flashing test stimulus 
repeatedly (e.g., in 300 msec exposures at 1.5 sec intervals) 
and then allow the subject to identify the intensities where 
the stimulus is visible 100% of the time, none of the time, 
and half the time. The subject's performance is aided by 
providing an auditory cue each time the stimulus is flashed. 
With this procedure the entire range from 100% detection to 
10 0% nondetection is typically limited to about 0.5 log 
units, and the subject is able to estimate the 5 0% detection 
value with good reliability. For example, when five repeat 
determinations are made, the standard deviation of the 
threshold is about 0.08 log units at 550 nm and about 0.15 
log units at 410 nm. 

After the psychophysical session, the energy of each 
stimulus wavelength should be measured (e.g., in nanowatts) 
using a calibrated photocell, such as shown in Fig. 1. 

Psychophysical Measurement Of Macular Pigment Optical Density 

The ability to measure MP density by psychophysical 
methods is dependent both upon its spatial distribution and 
its spectral absorption characteristics. The density of MP 
is greatest at the -fixation locus and declines approximately 
exponentially with eccentricity to a baseline at about 6-8 
deg eccentricity where it is no longer optically detectable 
[44,45]. To a first approximation, nutritional and 

environmental influences probably affect the entire pigment 
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distribution, either increasing or decreasing the OD [7] 
For most purposes, it is therefore only necessary to 
determine the OD at the fixation locus relative to the 
baseline at an eccentric location. If a more detailed 
spatial profile of pigment density is desired, then separate 
determinations must be made at additional retinal locations 
as described elsewhere [45] . 

The basic approach is to present a small test stimulus 
that alternates between a wavelength absorbed by MP and a 
wavelength outside the MP absorption band. For best signal 
to noise ratio, the stimulus alternates between 460 nm (blue) 
at the wavelength of maximal absorption of MP and 550-560 nm 
(green) which is a reference wavelength that is not absorbed 
by MP. To the subject, this alternating stimulus appears as 
a small flickering light. The subject is given control of 
the intensity of the blue light and the subject's task is to 
adjust it to minimize the flicker. Settings are made at two 
retinal loci, one at the reference locus of 6 deg 
eccentricity (the parafovea) , and one at the fixation locus 
(in the fovea) . The energy of the blue light necessary to 
minimize flicker at the fixation locus minus the energy 
needed in the parafovea is a measure of the density of MP. 

To avoid response bias, the experimenter sets the 
intensity of the blue light to an unpredictable value before : 
each trial. Because of the rapidity of "the stimulus flicker, 
the subjects can not easily judge the amount of the offset 
and they must attend to the flicker instead of attempting to 
repeat some 'desired' brightness setting. Five trials at 
each retinal location are averaged for each data point. 

One determinant of task difficulty for naive or elderly 
subjects -is the size of the test stimulus. Most subjects 
find the task comfortable with test stimuli 0.75 to 1 deg in 
diameter. The small test field is superimposed on an intense 
blue (460 nm, 2.2 log troland or brighter) background about 
10 deg in diameter for reasons described later. The green 
reference stimulus that alternates with the blue test 
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stimulus is set to a constant value that provides a retinal 
illumination of 2.6 log Td. This value was selected to be 
1 log unit above the threshold for detection of the green 
stimulus when it is flickered alone on the blue background 
at 1 Hz. 

The subject only has to attend to the small flickering 
stimulus;, the larger background is constant throughout the 
measurement. To set the minimum flicker at the fixation 
locus, the subject looks directly at the test stimulus. To 
make the baseline determination in the parafovea, the subject 
looks at the fixation point at the left edge of the field, 
which places the flickering test stimulus at an eccentric 
location. The subject then must make the settings for 
minimum flicker while paying attention to the test stimulus 
but not looking directly at it . 

For some subjects chromatic aberration of the eye causes 
slight differences in the position or size of the blue and 
the green test stimuli, so that it is impossible to eliminate 
flicker in the narrow arcs where the two stimuli fail to 
superimpose. Usually the chromatic aberration is just a 
minor nuisance, however, and does not prevent the subject 
from successfully executing the task. 

The absolute intensity of the test stimulus is not 
critical because the measurement is a comparison between 
values obtained at two loci on the retina. As a result, 
moderate differences in lens OD between subjects have no 
effect because the MP density value for each subject is 
derived from the difference between two loci on the retina. 
The contribution of the lens is the same at the two retinal 
loci, so it is eliminated by taking the difference. 

Because thresholds for critical flicker frequency vary 
with age and other factors [4 8] , appropriate frequencies of 
alternation of the colors of the test stimulus must be chosen 
for each individual . Choice of the best temporal frequency 
is the most challenging part of the procedure for the 
experimenter. When the conditions are properly chosen, 
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subjects should perceive distinct changes in the degree of 
flicker as they vary the energy of the blue light. Ideally 
there should be a narrow range of settings that correspond 
to minimum flicker, which we call the null range. If the 
flicker rate is too low, the null range will be very broad, 
the subject's settings will have high variance, and the 
precision of the measurement will be poor. If the flicker 
rate is too high, no setting produces strong flicker, causing 
the subject to have difficulty locating the null region, 
again resulting in variable settings. The maximum flicker 
rate we have used for both fovea and parafovea is 18 Hz, and 
the minimum rate is 10 Hz. 

For most people, it is useful to demonstrate the 
variation 4 of flicker strength with the energy of the blue 
light by starting with the parafoveal measurement using 12 
Hz alternation. If the subject continues to see no flicker 
over a broad range of settings, the flicker rate should be 
raised until the null range is sufficiently narrow to produce 
settings of acceptable variance. At the correct flicker 
rate, it should be possible for the subject to adjust the 
energy of the blue test light to achieve a complete null, 
that is, the perception that flicker has ceased entirely. 
Either increasing or decreasing the energy of the blue light 
from this null point should cause perception of increased 
flicker . 

Some subjects who have very steady eye position 
experience perceptual fading of the parafoveal stimulus, 
which confuses them and makes determination of the flicker 
null difficult. To avoid this problem it is useful to remind 
subjects to blink at a normal rate and it may be helpful to 
periodically turn the test stimulus off entirely. To be sure 
that the subject has not confused fading of the stimulus with 
a flicker null, we ask the subject to rate the flicker 
magnitude, from 0 for no flicker to 10, lots of flicker. 
Then the subject takes a rest without changing the settings. 
We resume testing and ask the subject to rate the flicker 
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again with the same settings. If the flicker now appears 
much stronger, it suggests that fading had occurred or the 
subject simply became fatigued and the setting needs to be 
redone . 

Once the subject is able to make reliable settings for 
the parafoveal location, the foveal measurement can be added. 
Usually the flicker rate for the foveal determination can be 
around 15 Hz or higher. In the fovea, the fact that MP 
declines so rapidly with eccentricity means that the amount 
of flicker at different points within the test stimulus can 
be different. Consequently, the null may not be complete, 
but a clear range of minimum flicker is nevertheless 
attainable. One cue that sometimes helps the subject is the 
occurrence of an apparent shift in the flicker frequency when 
approaching the minimum. In a narrow zone around the null 
point, the stimulus appears to flicker more rapidly, even 
though the actual flicker rate has not changed. This is 
apparently a sign that the stimulus is activating only a 
subset of the visual neurons and the setting is close to the 
point of minimum flicker. 

From our experience, we estimate that 95% of healthy 
adults can successfully measure their own MP. Nevertheless, 
this is a foreign experience for most people, and one must 
always be alert to the possibility that the subject is doing 
the task incorrectly. In particular, if data show extreme 
values or high variability, it is prudent to check that 
subjects are doing the task correctly. One way to check this 
is to change the wavelength of the test stimulus. The 
settings should change by the amount predicted by the 
absorbance spectrum of MP. For example if the 460 nm test 
is replaced by a 500 nm test, the. measured OD should decrease 
by about 45%. If the wavelength can not easily be changed, 
then the size or configuration of the test stimulus can be 
changed instead. The dependence of MP density on test 
stimulus geometry can be predicted from published data [45] . 
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For subjects in past studies the standard deviation of 
MP density from repeat sessions with well -mot ivated subjects 
was 0.05-0.08 absorbance units [45,49]. Thus, the 

variability from session to session for a given subject is 
small compared to the range of MP across subjects, which can 
be more than 1.0 absorbance units [8,50] . Furthermore, with 
practice the variability of subjects' settings decreases, so 
long-term studies could be conducted with greater precision. 

Psychophysical methods for measuring MP density are 
based on the crucial assumption that the foveal patch of 
retina underlying the pigment has the same relative spectral 
sensitivity as the parafoveal patch of retina that provides 
the baseline value. This means that the ratio of the 
sensitivity to blue light to the sensitivity to green light 
should be the same at the two retinal loci. This does not 
require the same absolute sensitivity to light at different 
retinal loci. Even so, it is not a trivial condition to 
satisfy, because neural organization varies dramatically with 
distance from the center of the fovea. 

For normal observers, the retinal photoreceptors consist 
of the rods and three cone types whose responses peak in the 
short-, middle-, and long -wave length parts of the visible 
spectrum. Two of these four types of photoreceptors, the 
rods and the short -wave -sensitive cones, are known to be 
distributed in a very nonuniform manner [51,52]. However, 
the long-wave- and mid- wave -sensitive cones are present in 
a fairly constant ratio across the central retina [53] . Thus 
our strategy is to establish stimulus conditions that 
minimize the contributions of the rods and the short-wave 
cone system to the flicker determinations, while favoring 
detection by the mid- and long-wave cone systems. 

To minimize the contribution of the short-wave cone 
system and the rods to the flicker determinations, the 
wavelength of the background adapting field is selected to 
be more strongly absorbed by those photoreceptors than by the 
mid- and long-wave cone systems. In addition, the flicker 
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rate is a temporal frequency near the fusion frequency for 
the short-wave cone system, but well below fusion frequency 
for the mid- and long-wave cone systems [54] . Both of these 
factors contribute to accomplishing the desired goal of 
biasing detection toward the mid- and the long-wave cone 
systems . 

The following example is presented to illustrate the 
advantages of the present invention and to assist one. of 
ordinary skill in making and using the same. This example 
is not intended in any way otherwise to limit the scope of 
the disclosure. 

EXAMPLE 

Comparison With Physical Method For Measuring Macular 

Pigment Density 

As a first step in validating the device, we compared 
MP measured in the traditional manner (Maxwellian View) with 
MP measured using the device of the invention. 
Measurement of Macular Pigment Optical Density 

Fifteen men and 17 women (age range, 16-72 yrs) were 
measured using the two different MP measurement techniques. 
- The ordering of the measurements was counterbalanced in order 
to avoid possible order effects. All measurements were made 
in the right eye only. Twenty-eight of the subjects had 
never participated in a psychophysical task prior to this 
study and were experimentally naive. The remaining four 
subjects were experienced in psychophysical tasks and were 
aware of the purpose of the study. Since this study involved 
direct comparisons between two methods, no exclusion criteria 
were used in sample selection. As indicated in Table 1, 
three subjects had severe cataracts (nuclear and mixed) and 
were scheduled to have these cataracts removed soon after the 
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MP measurements were performed. Informed consent was 
obtained from all subjects. 



Table 1. Descriptive statistics; current smokers (CS); never smokers (NS); past smokers (PS). 



Subject 


Iris 
Color 


Age 


Sex 


MPOD 

Newt. 


MPOD 

Maxwel 

1 


OD 

Chance 


a Status 


T 4>n c 

OD 

Status 


WR 


Brown 


57 


M 


0.12 


0.15 


-0.03 


CS 


Cataract 


PJ 


Black 


23 


M 


0.39 


0.46 


-0.07 


NS 




AT 


Blue 


24 


F 


0.34 


0.46 


-0.12 


NS 




RC 


Brown 


30 


F 


0.42 


0.505 


-0.09 


NS 


1.69 


HJ 


Blue 


22 


M 


0.32 


0.38 


-.06 


NS 


1.5 


ML 


Black 


48 


F 


0.39 


0.32 


0.07 


NS 




HC 






M 


0.11 


0.02 


0.09 






WA 


Brown 


25 


M 


0.46 


0.47 


-0.01 


NS 


1.63 


BA 


Brown 


31 


F 


0.07 


0 


0.07 


NS 


1.37 


BG 


Blue 


49 


M 


0.065 


0.17 


-0.11 


CS 


Cataract 


ZL 


Black 


30 


M 


0.47 


0.41 


0.06 


PS 




VM 


Brown 


23 


F 


0.314 


0.25 


0.06 


NS 


1.51 


VN 


Brown 


16 


F 


0.27 


0.22 


0.05 


NS 




RC 


Brown 


41 


F 


0.219 


0.178 


0.04 


PS 




HR 


Green 


34 


M 


0.43 


0.42 


0.01 


NS 


1.65 


LM 


Brown 


30 


M 


0.223 


0.2 


0.02 


NS 


1.46 


GA 


Blue 


31 


M 


0.103 


0.03 


0.07 


NS 




SJ 


Blue 


28 


M 


0.19 


0.15 


0.04 


NS 




TM 


Brown 


23 


F 


0.15 


0.13 


0.02 


NS 




BB 


Blue 


58 


F 


0.222 


0.214 


0.01 


NS 




KM 


Brown 


28 


M 


0.164 


0.111 


0.05 


NS 




RB 


Blue 


33 


M 


0 


0.03 


-0.03 


CS 




TC 


Brown 


51 


F 


0.188 


0.142 


0.04 


PS 




MM 


Hazel 


49 


F 


0.292 


0.267 


0.03 


PS 




WB 


Brown 


56 


M 


0.595 


0.594 


0 


NS 




RR 


Brown 


29 


M 


0.59 


0.55 


0.04 


CS 




CF 


Blue 


72 


F 


0.01 


0.06 


-0.05 


NS 


Cataract 


WA 


Green 


51 


F 


0.24 


0.3 


-0.06 


NS 


1.64 


AT 


Brown 


29 


F 


0.02 


0 


0.02 


NS 




SS 


Blue 


20 


F 


0.17 


0.19 


-0.02 


NS 


1.1 


BJ 


Hazel 


21 


F 


0.12 


0.12 


0 


NS 




VJ 


Green 


60 


F 


0.141 


0.138 


0.00 


N 




Mean j 

+/- 

SD 








0.244+/- 
0.16 


0.239+/- 
0.17 


0.004 

+/- 

0.01 
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Procedure 

The procedure for measuring MP was the same whether 
measured in Maxwellian or Newtonian view. In brief, spectral 
sensitivity was measured using the light that is maximally 
absorbed by MP, 460 nm, and light that is not absorbed by MP, 
550 or 570 nm. These measurements are made at a retinal 
locus where MP is the most dense, the center of the fovea, 
and in an area where MP is minimal and optically 
undetectable, in this case, 4 or 6 degrees in the temporal 
retina. Spectral sensitivity is measured using flicker 
photometry which presents the two test stimuli in a temporal 
square wave alteration of 12-15 Hz for the foveal condition, 
and 6-7 Hz in the parafoveal condition. This procedure for 
measuring MP yields an optical density spectrum for the 
pigments that matches the extinction spectrum of lutein and 
zeaxanthin measured ex vivo, as discussed above. 
Maxwellian View Measurement 

A conventional three- channel Maxwellian view system with 
a 100 0 -watt xenon are light source (Power source: Raytheon 
Co., Lexington, MA; Housing: Kratos Analytical Inc., Ramsey, 
NJ) was used for the measurements. The exit pupil of the 
system was 2 mm. One channel provided a background field, 
while two other channels were combined to produce a test 
stimulus. One test channel provided a comparison field whose 
intensity was adjusted by the subject via a 2.0 log unit 
circular neutral density wedge in combination with individual 
neutral density filters {Schott Glass Tech. , Duryea, PA) . 
The other test channel provided a standard field whose 
intensity and wavelength composition was constant. The two 
test channels were presented- in square wave alteration for 
the purpose of flicker photometry. This combination was 
accomplished by using a sectored, first-surface mirror 
rotated by a highly regulated Bodine motor (Electro Sales 
Co., Somerville, MA) . The wavelength of the comparison test 
field was produced by a grating monochromator with a nominal 
half bandwidth of 7nm (Model H-20, Instruments SA, Inc., 
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Metuchen, NJ) ; blocking filters eliminated stray light and 
higher order spectra. The wavelength of the background and 
standard test field was produced by Ditric Optics 
interference filters (bandpass = 7 nm) . Subjects were 
positioned for Maxwellian view by using an auxiliary pupil 
viewer (made with a comparator/reticle used in conjunction 
with a beam splitter placed immediately before the final 
focusing lens) . Stabilization of the head was maintained by 
use of an adjustable dental impression bite bar and head-rest 
assembly. 
Stimulus 

The circular 1 -degree test stimulus was composed of a 
2.7 log Td, 550., nm standard field, and a 460 nm comparison 
field. The intensity of the comparison field was adjusted 
by the subject. The circular test field was presented near 
the center of a 10-degree, 2.5 log Td, 460 nm background. 
A small black dot placed on a slide transparency in the 
background channel provided a fixation point on the edge, of 
the background in the nasal visual field. This stimulus 
configuration is shown in Fig. 3B. 
Newtonian View Measurement 

Fig. 3A shows the Newtonian (natural) view optical 
system used in this study. The light for the background is 
provided by a source (SI) that consists of three LED's with 
peak energy at about 470 nm and half-widths of about 20 nm. 
For the sake of simplicity, SI is diagrammed as a linear 
array in Fig. 3A. In actuality, SI was constructed by 
packing the three LED' s (3 nm in diameter) as tightly as 
possible in a triangular array. This was done by first 
grinding off the lens of each LED and then embedding them 
within a brass tube with an inner diameter of 0.258 filled 
with an epoxy resin. After curing, the front surface of the 
resin was ground flat and polished. 

Light from SI was collimated with a planoconvex lens 
(LI, 10 cm focal length). A 1.75 inch circular aperture 
(Al) , that defined the 6 degree background field, was located 
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approximately 2 inches beyond LI at a position where 
collimated light from three LED's overlapped. Al was 
constructed by exposing high-density, photographic mylar film 
with a computer generated image of the aperture. The mylar 
film was then affixed with optical grade glue to the smooth 
side of a diffuser, Dl . The polycabonate diffuser is a high- 
efficiency, holographic type (Physical Optics Corporation) 
with a circular, diffuser angle of 20 degrees. In this 
example, Al was viewed by the subject reflected through the 
diffuser. The subject's eye was located approximately 16 
inches from the front surface of the beamsplitter. The 
entire optical system was enclosed within an opaque, 
plexiglass box. The subject peered into the system through 
a 1 inch, circular hole (H) that was centered on the optical 
axis. The hole was located and sized such that when properly 
aligned on the optic axis, the subject saw this hole as 
slightly larger than and concentric with the 6 degree 
background field. 

Light from S2 was collimated with a planoconvex lens 
(L2, 10 cm focal length) . S2 was composed of two LED's with 
peaks at 45 8 nm and one with a peak at 57 0 nm (half- 
bandwidths of 20 nm) . Construction was as for SI. A 0.3 
inch aperture (A2) , defining the 1-degree test field was 
placed as for LI. The construction and composition of the 
aperture -diffuser sandwich was identical to that of the SI 
channel. . The subject viewed A2 directly through the 
beamsplitter, which combined the two beams. 

When properly positioned, the subject saw the 1-degree 
superimposed upon the 6 -degree background with the slightly 
larger and out -of -focus edge of the hole (H) concentric with 
the background. A tiny (5 min) opaque spot was located on 
the extreme left side of the background to serve as a 
fixation point for the peripheral condition. Another spot 
.(also 5 min) was located in the center of the target to serve 
as a fixation point for the foveal condition. The 
configuration of the stimulus is illustrated in Fig. 3B. Due 
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to the Newtonian view and the 2 0 -degree diffusing angle, head 
position was not critical. The subject was merely instructed 
to make sure that the hole was concentric with the 
background. The 1-degree target was located within the 
background such that its center subtended a 4 -degree angle 
with respect to the fixation point located on the extreme 
left. A photocell (PIN-10, UDT Sensors, Inc.) was used to 
measure the relative radiance of the target and background. 
Calibration and Stimulus Control 

In preliminary tests we found that the peak spectral 
energy of individual LED's vary as much as 5 nm within a 
category defined as the manufacturer's catalogue number. We 
chose each LED with the desired spectral energy distributions 
in mind. For the shortwave component of the test field we 
wanted peak energy to be within 2 nm of 460 nm, which is 
close to the peak absorption of the macular pigment. The 
long-wave component of the test field is less critical since 
the only requirements are that it be in the spectral region 
beyond the pigments significant absorption (greater than 52 0 
nm) and that it be of reasonable luminance. We chose 570 nm 
for that value. For the peak energy of the background, we 
chose a value of 4 75 nm as the best compromise considering 
such factors as luminous efficiency and the spectral 
absorption -of rods and short-wave cones. We decided to use 
a maximum of three LED'S for ea'ch source, since a triangular 
packing gave a good compromise between the desire for maximum 
radiance and compactness. Thus, we used three LED's(Nichia 
Corp., Model NSPB3 0 0A) for SI, each with peak wavelengths 
near 4 75 nm. For the test source, S2 , we used two LED'S 
(Nichia Corp., Model NSPB300A) with peak wavelengths near 460 
nm, leaving the third position for the LED peaking at 570 nm. 
We both test lights are included in one compact source, the 
necessity of combining them with a light-losing beamsplitter 
is avoided. 

The stimuli was calibrated by placing a 
spectroradiometer-photometer (model 650, Photo Research) at 
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the eye's position. Fig. 4 shows the relative spectral 
energy of the background was set at 1.5 log Tds, the highest 
value that allowed a good adjustment range for the test 
field. The 570 ran component of the test field was set at 1 . 7 
log Tds, the highest value that allowed a wide range of 
settings for the 460 nm component. The 460 nm component is, 
of course, adjusted by the subject to minimize flicker; i.e., 
it is the dependent variable. 

The LED's are driven by constant current supplies. 
Radiance is controlled by delivering brief (1.5 microsecond) , 
square -wave pulses at a rate that can be varied from 
approximately 300 Hz to 300,000 Hz. The frequency of each 
LED is individually adjustable with the radiance levels being 
monitored by a photocell (PC) and the relative values 
displayed on a digital display. Thus, the pre -determined 
radiance values of each field can be precisely set at the 
beginning of each experimental session. In addition, the 
radiance of the 4 60 nm measuring beam can be varied by a 
current adjustment that allows frequency values to assume 
absolute radiance values across experimental sessions. 

There is a major advantage of using frequency to control 
radiance in the particular way that we measure macular 
pigment density. Our calculation of the pigments optical 
density is simply: 

O.D. =. Log 10 Rf/Rp/ 
where R f and Rp are simply the radiances of the 460 nm test 
beam that results in minimum flicker with respect to the 570 
nm standard at the foveal and parafoveal loci, respectively. 
Since the frequency should be proportional to the radiance 
with a slope of 1.0 and origin of 0.0, then it follows that: 

O.D. = Log 10 F f /F p , 
where F f and F p refer to the frequency of the 460 nm test beam 
at the foveal and parafoveal positions, respectively. This 
is true, of course, only if the individual 1.5 microsecond 
pulses do not change shape as frequency is varied. We tested 
this conclusion by placing a radiometer at the eye's position 
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and measuring the actual integrated radiance as frequency was 
varied over a large range. In actuality, we chose a range 
that would allow considerable adjustment (about 0.3 log) 
below and above the lowest and highest values. Thus, the 
range we explored would be a conservative estimate- of a good 
working region for the measurement of macular pigment. Fig. 
5 shows that log energy ratio of the lowest and highest 
radiance values plotted against the log frequency ratio of 
the corresponding frequency values. Notice that the data 
points fall very close to the straight line, which has a 
slope of 1.0 and an intercept of 0.0. The conclusion is 
clear that frequency rations can substitute for radiance 
ratios. This greatly simplifies the use of the instruments 
since frequency is easily determined with inexpensive and 
accurate electronic devices, whereas an accurate energy 
calibration requires a fairly expensive and elaborate 
analogue device. The use of frequency is a major simplifying 
aspect of the device. 

Measurement of Lens Optical Density 

For a subset of subjects (n=10) , we also measured lens 
optical density (see Table 1) . Scotopic thresholds were 
obtained using two channels of the Maxwellian view system. 
One channel provided a dim, blue, 20-minute fixation point. 
A second channel provided a 2.8-degree test stimulus. The 
test stimulus was alternately composed of 410 (high lens 
absorbance) and 55 0 nm light (this wavelength was used as a 
reference and minimal lens absorbance was assumed) . These 
wavelengths were selected because of equal absorption values 
on the rhodopsin curve. Lens OD was calculated by directly 
subtracting the log relative sensitivity value at 410 nm from 
the log relative sensitivity _value at 550 nm without 
referring to the rhodopsin curve itself. Test field 
exposures were determined by a Uniblitz electromagnetic 
shutter (Rochester, NY) . The test stimulus was always 
presented at six degrees in the nasal visual field. Scotopic 
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thresholds were obtained after subjects were dark adapted for 
4 0 minutes. 

Results 

MP optical density measured using the Maxwellian system 
and the Newtonian (natural) viewing systems are presented in 
Table l. As shown in Fig. 6, the two methods provide highly 
similar individual and mean values are highly correlated (Y 
= 0.0 + l.OX, r - + 0.95). Note that the intercept of the 
line is zero and the slope is one, showing that there is no 
systematic difference between the two techniques. In fact, 
the average absolute change in these values is lower (mean 
= 0.04, SD = 0.03) than reliability values reported for 
studies that obtained repeated measures using the same method 
on different days 18 . To obtain a reliability estimate for 
MP measured in Newtonian view, the MP density of four 
subjects was measured over a period of two to four weeks. 
An analysis indicated 

that the data were reliable (Cronbach' s a = 0.89). 

As shown in the Table 1, differences between the MP 
values obtained with the two techniques is not related to 
individual differences in lens density. Moreover, although 
there were only three patients with cataract, differences in 
MP density between the two techniques were not exaggerated 
in these cases. For two subjects we tested the effects of 
pupil size by measuring MP with the device before and after 
pupil dilation with a mydriatic. The MP values when measured 
with nondialated pupils (0.16 and 0.42) were very similar to 
the values obtained during dilation (0.11 and 0.43, 
respectively) . For two subjects, we also tested the effects 
of head movements on the MP values obtained using the device. 
The limiting factor in the lateral direction is the ability 
to see the stimulus. Basically, a subject can only move 
approximately 1.5 cm to the right or left before the stimulus 
is occluded by baffling. When subjects, are misaligned this 
way, however, no . differences are found in their MP values 
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(range of dif f erences=0 . 02 ) . In the Z direction, subjects can 
move at least 10 cm forward or backward without any change 
in their MP values (range of dif f erences=0 . 04 ) . 

Individual differences in the average MP density of the 
individuals in this small sample tended to be consistent with 
our past observations on determinants of individual 
differences in MP density in different populations. For 
example, the average MP (mean=0.21, SD=0.13, n=17) of the 
females was lower than the average MP (mean=0 . 2 9 , SD=0.21, 
n=15) of the males. The average MP of the smokers 

(mean=0.20, SD=0.22, n=5) was lower than the MP density of 
the nonsmokers (mean=0 . 27 , SD=0.17, n=27) . Finally, the MP 
of the blue-eyed subj ects (mean=0 . 17 , SD=0.13, n=9) was lower 
than the MP of the green-hazel eyed subjects (mean=0 . 29 , 
SD=0.21, n=5) or the brown-black eyed subjects (mean=0 . 29, 
SD=0.19, n=16) . Finally, the MP density of those individuals 
with cataract was low. The sample size of these groups were 
too small to assess the statistical significance of these 
differences . 

Utilization of the In Vivo Measurements 

Age-related macular degeneration (AMD) and cataract are 
conditions that take many years to develop. Most etiologic 
studies of these conditions, . however, have focused on 
patients that already exhibit frank clinical symptoms. Yet 
efforts to prevent loss of visual function must emphasize 
retarding the aging process that precedes the disease. For 
preventive approaches to be successful, information from 
in vivo measurements is needed regarding the status of the 
lens and the retina before deleterious changes are far 
advanced and intervention may be too late. 

Measurements of lens OD are essential for assessing the 
impact of nutrition and of lifestyle factors such as smoking 
and environmental exposures at different times in the 
lifespan. The results could be used to motivate subjects to 
change their lifestyle . For example, smokers who learn that 



WO 99/29229 



PCT/US98/25770 



-32- 

they have high lens densities for their age group might feel 
added motivation to stop smoking in order to avoid cataract. 

Because the psychophysical measurements are nontraumatic 
they can be repeated as frequently as needed to follow 
changes over time. Cross-sectional data on lens OD as a 
function of age [9,24,38,60] suggest that lens OD increases 
linearly from about 15-20 . years, but there is a rapid 
acceleration in OD changes after age 50. If there are 
differences in the rate of lens OD changes in younger (<50 
yrs) and older (>5 0 yrs) individuals (as is widely 
suggested) , differences may also exist in their respective 
risk factor profiles. The factors that may be responsible 
for the putative acceleration in lens OD changes with age 
should be investigated by following individual subjects over 
time. Otherwise, one can not distinguish between a common 
pattern that occurs in most individuals, and a break point 
where some subjects suddenly begin to get worse, while others 
age more gradually. 

For older individuals, the lens may absorb and scatter 
enough light to limit their visual capacities. [15,61] In 
particular, increased lens OD probably is associated with 
poorer visual performance in dim light. Thus, lens OD is 
important to study, not just for predicting possible later 
disease, but also for understanding its immediate deleterious 
effects on normal vision. Prevention of visual handicaps due 
to increased lens density may require modification of 
unhealthy behavior patterns. To convince people to modify 
their behavior we need to demonstrate how the health of their 
lens affects their quality of life. 

The fact that MP can be measured psychophysically 
provides the unusual opportunity to monitor noninvasively the 
concentration of a nutrient in tissue. By exploiting this 
opportunity, we have assembled evidence that the MP 
carotenoids protect against age-related losses in visual 
sensitivity [3 9] and age-related ocular disease. MP 
selectively absorbs "blue" light (ca. 400-500 nm) , which is 
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particularly harmful to ocular tissues [62, 63] , and the MP 
carotenoids may have other protective roles a,s well. [40] 
Consistent with a protective role for MP, we have found that 
low MP density is associated with many risk factors for AMD 

(iris color [64], sex [8], smoking status [65]-, dietary- 
patterns [8]) . A protective role is also consistent with 
biochemical studies of postmortem eyes showing that MP 
density is lower in AMD eyes compared to matched controls 

[66] . 

Utilization of in vivo measurements of MP might help to 
resolve some of the inconsistencies in the epidemiologic 
literature. For example, although some studies have 
indicated that dietary intake of lutein and zeaxanthin [67] , 
and higher blood concentrations of carotenoids [68] , protect 
against AMD, other studies have not found a relationship 
[69,70] .. However, our data have shown that dietary intake 
and blood concentrations of lutein and zeaxanthin are only 
moderately related to retinal concentrations of lutein and 
zeaxanthin as measured by MP density [8] . The blood-retina 
relationship is particularly poor for women, who comprise the 
majority of subjects for most epidemiologic studies of AMD. 
Moreover, we also showed that, although most subjects respond 
to increased intake of lutein and zeaxanthin with increases 
in MP density, a minority did not respond [7] . If lutein and 
zeaxanthin protect the retina locally, measures of these 
nutrients in the blood may be imprecise predictors of the 
state of the retina. 

Similar discrepancies between blood and tissue measures 
of nutrients have been encountered when characterizing the 
nutritional status of the lens. F.or example, in the 
Italian-American Cataract study [71] of risk factors for 
cataract, the antioxidant status of the lens was 
characterized by measuring the activity of antioxidant 
enzymes in erythrocytes . No relationship was found between 
these measures and cataract risk. A later analysis [72] of 
the lenses of these same patients, however, revealed that 
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there was no correlation between the erythrocyte measures and 
the same enzyme activity measured in the lens epithelium. 

The uncertainties inherent in using blood values of 
nutrients to predict tissue status have led us to suggest 
that measuring MP may provide a more precise estimate of 
long-term ocular nutritional status. As long as dietary 
patterns remain stable, MP density remains stable over much 
of the lifespan [45] . This stability probably reflects the 
tendency for individuals to maintain the same diet for long 
time periods [73,74] . When individuals change their intake 
of dietary carotenoids significantly, however, MP density of 
most subjects changes in tandem [7] . A generally healthy 
diet would be .indicated by high intake of fruits and 
vegetables, which is usually associated with high serum 
concentrations of lutein and zeaxanthin [75] , which in turn 
produces high MP density [7] . In addition high MP density 
signals the subject's ability to accumulate carotenoids from 
the diet into the retina. 
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While the present invention has been described in 
conjunction with a preferred embodiment, one of ordinary 
skill, after reading the foregoing specification, ,will be 
able to effect various changes, substitutions of equivalents, 
and other alterations to the compositions and methods set 
forth herein. It is therefore intended that the protection 
granted by Letters Patent hereon be limited only by the 
definitions contained in the appended claims and equivalents 
thereof . 
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CLAIMS 

What is claimed is: 

1. An apparatus for psychophysical determination of an 
ocular component in an eye of a test subject, said apparatus 
comprising: 

a light source comprising at least one electronically 
controlled, light -emitting element wherein the output of said 
light -emitting element can be varied electronically; 

control circuitry for energizing said light-emitting 
element ; 

an aperture for presenting a test stimulus from said 
light -emitting element to a test subject; and 

a head positioning device for aligning an eye of a test 
subject in a position to view said test stimulus. 

2. The apparatus of claim 1, wherein said light -emit ting 
element is a light -emitting diode. 

3. The apparatus of claim 1, wherein said light source 
comprises at least two electronically controlled, light- 
emitting elements. 

4. The apparatus of claim 3, further comprising a lens for 
collimating light from said light emitting elements. 

5. The apparatus of claim 3, wherein individual said light- 
emitting elements have different emission spectra. 

6. The apparatus of claim 5, wherein among said different 
emission spectra from said individual light-emitting elements 
are peak wavelengths of about 460 nm and about 560 nm. 

7. The apparatus of claim 3, wherein said control circuitry 
can energize individual said light-emitting elements 
separately . 
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8. The apparatus of claim 1, wherein said output of said 
light -emit ting element can be varied with respect to 
intensity. 

9. The apparatus of claim 1, wherein said output of said 
light -emitting element can be varied with respect to temporal 
pattern. 

10. A method for psychophysical determination of an ocular 
component in an eye of a test subject, said method 
comprising : 

providing a test subject; 

employing an apparatus to test said test subject, said 
apparatus comprising ; 

a light source comprising . at least one 
electronically controlled, light -emitting element 
wherein the output of said light -emitting element can 
be varied electronically; 

control circuitry for energizing said light- 
emitting element; 

an aperture for presenting a test stimulus from 
said light-emitting element to a test subject; and 

a head positioning device for aligning an eye of 
a test subject in a position to view said test stimulus; 
determining the response of said test subject to the 
output of said light -emitting element; and 

relating said response to the extent or condition of an 
ocular component in said test subject. 
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